ABSTRACT
INTRODUCTION
Fetoscopic treatment of open neural tube defects (NTD) presents several controversies, mostly regarding the technique used to close the spinal defect. The first publications on the technique advocated the use of patches 1 , with or without closure of the skin above the patch 2 . The use of glue (CoSeal) to seal the defect over a bovine pericardium patch (patch and glue) has also been attempted by our group, but had an unsatisfactory outcome. Belfort et al. reported on single-layer closure of the defect, without undermining the edges 3, 4 , with good results. Our group also used a very similar technique, which we called 'skin closure', using three ports in 10 patients. Several authors have advised that this procedure is suboptimal from a neurosurgical standpoint, as open fetal surgery aims to correct the anatomical defect in two or three layers (dural, myofascial and skin) [5] [6] [7] [8] , sometimes with the help of patches.
In this study, we describe a fetoscopic two-layer closure technique (myofascial and skin) for the treatment of NTD in five patients and report the preliminary anatomical outcome at birth.
SUBJECTS AND METHODS
Five patients with a fetus with a NTD (three cases of myelomeningocele and two of myelocele) were operated on between February and September 2017. The families declined termination of pregnancy and gave written consent for fetoscopic treatment of the malformation in our fetal program, which was approved by the local Ethics Committee (PR(AMI)152/2015 CEIC Hospital Vall d'Hebron).
Preoperative assessment included a fetal ultrasound examination evaluating hindbrain herniation and the anatomical and segmental level of the neurological lesion 9 , fetal magnetic resonance imaging (MRI) and amniocentesis for quantitative fluorescence polymerase chain reaction and microarray comparative genomic hybridization studies.
Surgical technique
Two obstetricians and two pediatric surgeons comprised the surgical team. The patients were placed in the supine position and an ultrasound examination was performed to verify fetal presentation in order to organize the team accordingly. The uterus was exteriorized by means of a Pfannenstiel incision and kept constantly wet using a saline solution at 41
• C (Figure 1 ). Tocolytic support allowed one of the obstetricians to keep comfortably the fetus in the cephalic position throughout surgery and kept the uterus flaccid. The fetus was administered an intramuscular combination of fentanyl 15 μg/kg, atropine 20 μg/kg and venuronium 0.2 mg/kg using a 20-G needle. Fetal heart rate was monitored every 5-10 min. Three 10-Fr introducers (Check Flo ® Introduction Set, Cook Medical, Bloomington, IN, USA), shortened to 7 cm, were used to access the uterine cavity using the Seldinger technique. The first punctured the uterus under ultrasound guidance and the other two under direct visual guidance. These cannulas were fixed to the uterine wall using 2/0 vicryl sutures to avoid their displacement and membrane separation. Some of the amniotic fluid was extracted to allow enough working space for the surgery, maintaining only the back of the fetus above the amniotic fluid level. Insufflation of heated CO 2 to 6-9 mmHg at 0.5 L/min allowed enough room in the flaccid uterus to start the procedure; 3-mm instruments and a 30-degree 3-mm scope (Storz, Tüttlingen, Germany) were needed.
The placode was dissected gently from the surrounding dysplastic cystic tissue. Fetoscopy allowed entry into the cyst and clear control of the neural roots when needed (Figures 2a and 3a) . Once the neural tissue was completely detached, it fell into the spinal canal untethered. The cystic tissue, when present, was then resected and removed and the skin undermined several millimeters from the myofascial layer by blunt dissection using scissors.
The myofascial layer was closed along the midline using a 4/0 running barbed absorbable monofilament suture (V-Loc ® , Covidien, New Haven, CT, USA) (Figures 2b  and 3b ). The tip of the needle should be straightened slightly to allow its passage through the cannulas.
The skin layer was then closed by another running suture using the same filament (Figures 2c and 3c ). This particular suture needs no knotting although, in instances of a high-tension suture, a final knot was performed.
Lateral incisions were considered when the skin layer did not reach comfortably the midline.
Two of the cannulas were extracted under direct visual guidance and the port site was sutured using 2/0 vicryl, including the membranes. In the first three cases, the warm removed amniotic fluid was reintroduced but, in the last two cases, the amniotic fluid was replaced by 500 mL warmed Ringer's lactate solution with 2 g of cefazolin. The remaining amniotic CO 2 was then aspirated.
A final ultrasound examination confirmed fetal wellbeing and coverage of the defect (Figure 4 ), and the uterus was reintroduced into the abdominal cavity.
Studied variables
Assessed fetal characteristics were type of open NTD, ventricular dilatation (mm), degree of hindbrain herniation (cervical level) and muscular diastasis (mm) on presurgical MRI.
Assessed maternal characteristics were maternal age (years), body mass index (BMI; kg/m 2 ), parity as number of previous deliveries, previous Cesarean section and cervical length at the last scan before surgery (mm).
Surgical outcomes included gestational age at procedure (weeks), operating time from skin opening to closure (min), fetoscopy duration as the time between the introduction of the first cannula and the removal of the last cannula (min) and hospital stay as time from admission to discharge (days). Obstetric outcomes included mode of delivery (vaginal or Cesarean section), gestational age at birth (weeks), surgery to delivery interval (weeks), birth weight (g), premature rupture of membranes (PROM) between surgery and 37 weeks, perinatal death including all intrauterine and postnatal deaths before 28 days postpartum, chorioamnionitis, oligohydramnios without PROM between surgery and delivery, uterine dehiscence confirmed at Cesarean section, maternal pulmonary edema and placental abruption.
Neonatal outcomes included watertight closure assessed by leakage of cerebrospinal fluid through the defect, surgical revision of the defect, need for cerebrospinal shunt at any time after birth and postnatal classification of hindbrain herniation on MRI (completely reversed, mild amelioration or no improvement).
Data collection
Continuous variables are reported as median and range, and categorical variables as number and percentage.
RESULTS
Five patients were operated on using the fetoscopic two-layer closure technique. Individual patient characteristics and outcome are reported in Table 1 Muscular diastasis width calculated from preoperative MRI varied from 6 to 9 mm. Median gestational age at surgery was 24 + 3 (range, 23 + 5 to 27 + 3) weeks. The procedure was completed in all cases (100%; 95% CI, 56.6-100%). One patient (20%; 95% CI, 3.6-62.4%) with myelocele needed a relaxing flank incision. Median time in surgery was 180 (range, 140-180) min and median time for fetoscopy was 105 (range, 65-120) min.
No intraoperative complications were recorded and all patients were alive at the time of writing. In terms of obstetric and maternal complications, there were three cases of PROM (60%; 95% CI, 23.1-88.2%), one of them during a transatlantic flight 2 weeks after surgery with delivery of the baby on arrival at another institution, and one case of postoperative chorioamnionitis (20%; 95% CI, 3.6-62.4%) that caused premature delivery. Median age at delivery was 34 + 1 (range, 25 + 4 to 37 + 2) weeks and median birth weight was 2170 (range, 950-2580) g. Two babies were delivered vaginally. None of the patients experienced oligohydramnios, placental abruption, uterine dehiscence or pulmonary edema (0%; 95% CI, 0-43.4%).
The closed defect was watertight in all patients (100%; 95% CI, 56.6-100%) ( Figure 5 ) and none required further surgery for the defect (0%; 95% CI, 0-43.4%). One patient needed a ventriculoperitoneal shunt (20%; 95% CI, 3.6-62.4%) during the short follow-up period. Median follow-up was 167 (range, 14-253) days.
DISCUSSION
In this study, we describe the first five cases of NTD repaired by fetoscopic two-layer closure. In all cases, the closed defect was watertight and the quality of the tissue was very good with no need for further surgery after birth. The operating and fetoscopy durations were also similar to those described in a previous series reporting on single-layer closure.
From a neurosurgical standpoint, postnatal closure of an open NTD normally comprises anatomical reconstruction in three layers: the duramater, the myofascial layer and the skin. Reconstitution of the neural tube (neurulation) prior to three-layer closure remains controversial but may have a beneficial impact on the tethered cord rate. Open fetal surgery for NTD aims to reproduce the postnatal technique, closing the defect in those three layers, without reconstruction of the placode 7, 8 . Sometimes, in very small fetuses (20-27 weeks of gestation), the dural layer may be extremely difficult to dissect as it is very thin and fragile, and so the use of dural patches has been extended to groups performing the intervention in such fetuses. Closure of the myofascial layer and skin are the cornerstones of what is considered a good surgical technique from the neurosurgical point of view 5 . To achieve this, depending on the diastasis of the respective edges, the use of patches may be necessary to close the fascia and cutaneous flaps, or relaxing flank incisions may be needed to cover completely the defect. A lateral myofascial flap with rotation over the placode has also been described for use in open fetal surgery 5 . Myelocele-type malformations usually present a greater distance to be covered and, therefore, are more likely to require such surgical resources.
There is some controversy regarding the fetoscopic approach to NTD closure. Some authors contend that current treatment is a long way from meeting neurosurgical standards 6 , as the use of single or double patches to cover the defect 1,2 may not be sufficient to guarantee watertight closure. Moreover, fetoscopy may increase the operative time, increase the rate of PROM or reduce gestational age at birth 7 . Fetoscopic closure of the skin without undermining the edges and without the use of patches has been described with good results in terms of watertight closure and gestational age at birth 4 , with beneficial effects on hindbrain herniation reversion and preservation of neurological level. However, this technique is still far from three-layer reconstruction and, in the authors' experience, the defects need to be revised surgically for cosmetic reasons in a high percentage of cases, and the technique presents a non-negligible rate of failure (results not reported).
The fetoscopic two-layer closure technique has been shown to be a better reconstructive procedure, as the closure in all five patients had a strong, watertight and cosmetically acceptable appearance. Theoretically, the effects on neurological level and hindbrain herniation reversion should not be different from the other techniques that assure watertight closure, open or fetoscopic, and the preliminary results, with very short follow-up, seem to confirm this.
One of the biggest concerns about this two-layer closure technique is the potential increase in the future incidence of tethered cord. Longer follow-up is therefore needed to establish the real rate, as we did not use dural patches in this series. Nevertheless, after this pilot study, we decided to add a Gore-Tex patch over the neural tissue to prevent its potential adhesions to the myofascial layer. In our recent experience, this maneuver is technically easy and lengthens the procedure by less than 15 min.
Although the patients were not selected for this technique, the distance between the muscular edges of the defect was below 9 mm on fetal MRI in all cases and, in some, they reached the midline with great difficulty. A technical tip is to place the stitches very close to each other to better distribute the tension among them. Since not all NTD are the same, it may not always be possible to pull the myofascial layer together if there is a wider defect. We therefore cannot be sure that, with greater distances, the edges may reach the midline. The surgeon should therefore be ready with an alternative technique when a tissue layer is lacking. Regarding the skin, the myelomeningocele defects were easier to reconstruct with little subcutaneous dissection. In contrast, the myelocele-type defects needed more extensive undermining and, in one case, a relaxing flank incision. These patients did not require any fascial or dermal patches.
In conclusion, fetoscopic two-layer closure is technically feasible and provides good quality coverage of the defect at birth, progressing towards meeting neurosurgical standards of an optimal postnatal repair technique. It represents a treatment option in fetuses with NTD but may not always be feasible depending on the lesion. The technique should be adopted with caution as this is an early analysis and long-term data are needed.
